We present a variable temperature scanning tunneling microscopy and spectroscopy study of the Si(553)-Au atomic chain reconstruction. This quasi-one-dimensional system undergoes at least two charge density wave (CDW) transitions, which can be attributed to electronic instabilities in the fractionally filled 1D bands of the high-symmetry phase. Upon cooling, Si(553)-Au first undergoes a single-band Peierls distortion, resulting in period doubling along the chains. This Peierls state is ultimately overcome by a competing 3 CDW, which is accompanied by a 2 periodicity in between the chains. These locked-in periodicities indicate small charge transfer between the nearly 1=2-filled and 1=4-filled bands. The presence and the mobility of atomic-scale dislocations in the 3 CDW state indicates the possibility of manipulating phase solitons carrying a (spin, charge) of 1=2; e=3 or 0; 2e=3. [2, 3] . Prototypical 1D metallic systems such as the transition metal trichalcogenides, organic charge transfer salts, blue bronzes, and probably all atomic Au-chain reconstructions on vicinal Si substrates exhibit symmetry breaking phase transitions at finite temperatures [4, 5] . For a band filling of 1=n, the phase transition opens up a gap in the single particle excitation spectrum at wave vector k F =na, and the corresponding broken symmetry state adopts the new periodicity of =k F na, where a is the lattice parameter of the high-symmetry phase [4] .
According to the Mermin-Wagner theorem [1] , thermodynamic fluctuations preclude the formation of a longrange ordered broken symmetry state in one dimension, except at T 0 K [2] . For all practical purposes, however, thermodynamic phase transitions may still be possible in finite size 1D systems. Furthermore, fluctuations are inevitably suppressed if the 1D chains are weakly coupled, or if the chains are coupled to a substrate [2, 3] . Prototypical 1D metallic systems such as the transition metal trichalcogenides, organic charge transfer salts, blue bronzes, and probably all atomic Au-chain reconstructions on vicinal Si substrates exhibit symmetry breaking phase transitions at finite temperatures [4, 5] . For a band filling of 1=n, the phase transition opens up a gap in the single particle excitation spectrum at wave vector k F =na, and the corresponding broken symmetry state adopts the new periodicity of =k F na, where a is the lattice parameter of the high-symmetry phase [4] .
Fractional band fillings other than half filling provide an interesting subset of 1D systems which often exhibit exotic physical phenomena. Depending on the relative magnitude of bandwidth and electron-electron interaction, charge density wave (CDW) states often compete with spin density waves, Mott insulating states, or a Luttinger liquid state. Atomic-scale STM observations of surface phase transitions provide important insights into the complexity of symmetry breaking phenomena in reduced dimensionality [6] . For instance, the recently reported 4 1-to-8 2 phase transition in quasi-1D indium chains on Si(111) [6] involves a gap opening in a complex triple band Peierls system, resulting in a doubling of the periodicity along the atom chains. Another recently discovered system with three fractionally filled bands is the Si(553)-Au surface. Angle-resolved photoemission spectroscopy (ARPES) [7] revealed three metallic bands, but despite theoretical efforts to understand the electronic structure [7, 8] , the atomic structure and real space location of the surface state orbitals remains unknown. Interestingly, the total band filling of this particular chain system is 4=3, i.e., corresponding to 8=3 electrons per surface unit cell. Two bands have a filling of 0.56 and 0.51 each, slightly more than half filling. The third band has a filling of 0.27, in between one-quarter and one-third filling.
In this Letter we present evidence for a defect mediated CDW transition [9] in Si(553)-Au accompanied by a metal-insulator transition. STM experiments reveal competing periodicities as a function of temperature which can be mapped onto the band structure of the high-symmetry phase. Scanning tunneling spectroscopy (STS) data show a gradual gap opening at low temperatures, which can be correlated with successive gap openings in the three 1D bands. Interestingly, phase slips are observed in the CDW condensate. These phase slips should possess a fractional charge and a half integer or integer spin. The chain length can be tuned by manipulating the numerous defects with the STM tip. This, in turn, suggests the feasibility of studying and manipulating fractional charges at the atomic scale.
The Si(553)-Au structure was prepared by depositing 0.24 monolayer of Au at a rate of 0:005 monolayer=s with the substrate held at 920 K, followed by thermal annealing at 1120 K for 1 min and slow cooling to room temperature (1 K s ÿ1 ). STM and STS experiments were performed in an omicron variable temperature STM. All distances determined in STM images were measured along the fast scan direction of the STM so as to minimize possible effects of thermal drift. Figure 1 shows an STM image of the surface taken at room temperature (RT). Rather wide chains (0:8 nm) with a spacing of 1.48 nm are observed. The chains are cut by point defects appearing as vacancies in both filled state and empty state images. In the empty state image, these vacancies appear larger than in the filled state image, confirming the observations reported in Ref. [10] . Note, however, that fewer defects are present as compared to other works [7, 10] , indicating that the defect concentration can possibly be varied by controlling the annealing history of the surface despite propositions that the defects might be intrinsic to the surface as stabilizing charge dopants [7] . The insets show high resolution dual bias images. Clearly, the chains are composed of two rows of atoms, showing a zigzag structure in the empty state and a ladder configuration in the filled state. In the empty state image, all atom spacings are nearly equal to the bulk spacing of Si, a 3:8 A, resulting in bond angles near 60 . In the filled state image the spacing along the chain is equal to a, whereas the spacing perpendicular to the chains is 4:7
A. These data seem to be inconsistent with structure models that place Si honeycomb chains [11] near the step edges [7, 8] and with the single atom row structure suggested in Ref. [10] .
Upon cooling to 40 K, the zigzag features are no longer observed. Instead, an up-down buckling with a ladder structure in a tripled unit cell is observed (Fig. 2) , resulting in two features of about 1:5a length and widths comparable to those observed at RT. The corrugation of the filled state image is in antiphase with that of the empty state image; at the location of the intensity maxima in the empty state image, a small dip exists in the filled state image. This indicates that the system has condensed into a CDW with tripled periodicity, commensurate with the substrate lattice. Additionally, the features in the valleys between the chains visible in the empty state are completely ordered with a doubled period of 2a, resulting in a unit cell of 6 1.
The I-V curves and their numerical derivatives are shown in Fig. 3 . The I-V curve at RT exhibits a significant slope at zero bias, confirming the metallicity observed in ARPES experiments [7] . In contrast, at 40 K the I-V curve is flat at zero bias indicating semiconducting behavior. We determine the size of the gap from the derivative of the I-V curves as displayed in the inset of Fig. 3 ; we infer that the excitation gap is symmetric and 150 meV wide. Thus, the condensation of this CDW is accompanied by a metalinsulator transition. Although CDW instabilities in related surface systems are often manifested by an order-disorder transition [12] , the present observations are most straightforwardly interpreted in terms of a displacive CDW transition.
The condensation scenario involving all three 1D bands is elucidated by STM experiments at temperatures intermediate between RT and 40 K. Figure 4 shows empty state images measured at 70 and 110 K. At 70 K a vague tripled corrugation is visible in nearly all of the chains, with significantly enhanced intensity near defects. In the middle of longer chain segments the bulk period of 3.8 Å is still visible through the superimposed (vague) tripled periodicity. At 110 K, we observe a doubled periodicity in the bulk of most chains, but, again near defects, a tripled periodicity decaying into the chains is observed. From these data at higher temperatures, it is evident that the CDW present at 40 K nucleates from the defects and spreads along the chains with decreasing temperature. Even at RT, it is still possible to discern charge density oscillations emanating from the defects. These oscillations have been attributed to 
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076801-2 zero-dimensional end state effects [10] . Alternatively, the change in the apparent height of the chain adjacent to a defect, i.e., a depression over a distance of 1:5a next to the defect followed by a brighter segment [see Fig. 1(a) , inset], and the nonmetallic character of the chain ends established in Ref. [10] are fully consistent with the interpretation of a CDW precursor, similar to that observed in Sn=Ge111 [9] .
As mentioned above, the band structure of this surface measured by ARPES contains three metallic bands [7] : two bands have a Fermi wave vector near half filling; the third band contains 0:27 2 0:54 electrons adding up to a total filling of 4=3. None of the bands cross the Fermi energy exactly at a wave vector 2=n a. Nevertheless, we observe three commensurate periodicities evolving as a function of temperature: at 110 K a clear 2 period is detected in the chains; at 40 K a 2 period is observed between the chains accompanied by a 3 period in the chains. Tentatively, we assign the three observed periods to electronic instabilities in the three metallic bands of the high-symmetry phase, which would locate the orbitals of the 0.51 and 0.27 filled bands on top of the zigzag chains and the orbitals of the 0.56 filled band in between the chains. At 110 K, the doubled periodicity along the chains originates from a CDW transition in the 0.51 filled band; the other two bands remain metallic. STS measurements support this scenario, still showing metallic behavior at 110 K but with reduced slope at zero bias, indicating a reduced density of states (DOS) at the Fermi energy; see Fig. 3 . ARPES at temperatures <100 K show weak backfolding of the 0.27 filled band at the 2 zone boundary [7] , also indicating a doubled periodicity in this band. The 3 CDW at lower temperatures can then be rationalized by a small charge transfer of 0.06 electron from the 0.56 filled band to the 0.27 filled band, filling the latter to 1=3 [13] . The possible CDW precursor near the chain ends at RT can also be explained by this charge transfer: at RT a 2 period exists locally in between the chains near defects that are located on the chains [10] . This strongly suggests that already at RT the 0.56 filled band, located in the valleys between the chains, is doping the chains near the defects to 1=3 filling. With this charge transfer the total band filling of the surface then remains constant at 4=3. Note that this evolution in band structure might also explain the transformation of the features in the empty state STM image: from a zigzag structure at RT to a ladder structure at 110 K and below.
Surprisingly, the competition between periodicities inside the chains is eventually won by a 3 CDW at the lowest temperature studied. Longer wavelength periods are progressively more difficult to fit into chains with randomly placed fixed defects. Furthermore, a 1=3 filled parabolic band has a higher DOS at the Fermi energy as compared to a 1=2 filled band, which according to a simple BCS theory argument should result in a higher T c for the 1=3 filled band. The magnitude of the interchain coupling for the different bands, though being fairly low as compared to other (bulk) 1D compounds [7] , might provide insight into this seeming contradiction. It is well known that finite interchain coupling reduces the transition temperature, and indeed ARPES measurements indicate a 5 times larger interchain coupling for the 1=3 filled band than for both of the 1=2 filled bands. This could explain why the 3 CDW sets in at a lower temperature than the period doubling CDW observed at 110 K [15] .
Finite interchain coupling should be discernible in the STM images through definite phase relations between periodicities in adjacent chains, provided that the temperature is low enough. Careful analysis of the empty state STM images at 40 K indeed reveals small domains of up to three or four chains width, showing a constant phase relation, but no long-range order is detected. However, as can be observed in Fig. 2(a) (arrow) even at 40 K there are chains which do not exhibit a fully developed CDW; the triple periodicity is not long-range ordered, despite the fact that a fully developed triple period would fit the length of this chain segment. This indicates that the system is affected by a significant amount of interchain coupling. This is further illustrated in Fig. 5(a) . Two fairly long chains (>25 nm) are visible. Starting from the top, both chains lack clear corrugation, but both chains develop definite updown corrugation towards the bottom. The white bars illustrate a phase slip of 2=3 in the right chain, immediately followed by two similar phase slips in the left chain. These phase slips cannot be explained by a 3 CDW mismatch in a finite chain segment because both chains show a region of small corrugation at the top (and beyond, not shown) with an ill-defined phase so the CDW is not phase locked by defects. Therefore the origin must be related to interchain coupling; apparently, a phase slip in one chain can induce phase slips in neighboring chains via interchain coupling. Interestingly, a phase slip (phase soliton) in a 1=3 filled band CDW carries a (spin, charge) of 1=2; e=3 or 0; 2e=3 [16] .
Fractionally charged phase slips have been studied mostly theoretically. Only in polyacetylene, a phase slip with a fractional charge of e=2 has been observed by conductivity and NMR experiments [17] . To the best of our knowledge, fractionally charged phase slips in CDWs away from half filling have never been observed directly by imaging. Their presence opens up the possibility to study and manipulate fractional charges at the atomic scale. They can possibly be manipulated by deliberately creating defects in the chains so as to generate a misfit for the 3 CDW. In our STM experiments, at 40 K defects sometimes jump to different locations during imaging. For example, Figs. 5(b) and 5(c) show two sequential (t 180 s) filled state images from the same area. The white circle and the arrow show a group of three defects, which has moved two chains to the left. This behavior suggests that these defects consist of Si adatoms [7, 8] , which have been relocated by tip induced migration.
In conclusion, we have presented an STM and STS study of a chain structure with fractional band fillings. Competing periodicities are observed as a function of temperature resulting in a defect mediated CDW at 40 K. The results can be mapped onto the band structure of the highsymmetry phase. The presence and mobility of the chain dislocations in the CDW state indicate the possibility of studying and possibly manipulating fractionally charged solitons with an STM tip. The availability of other vicinal Si-Au-chain structures with tunable interchain coupling [7] would provide a promising playground for 1D physics, accessible in real space.
